Telomerase, the enzyme which maintains the ends of linear chromosomes in eukaryotic cells is found in murine embryonic stem cells; however, its activity is downregulated during in vitro differentiation. Previous work has indicated that this is due to the transcriptional downregulation of murine reverse transcriptase unit (mTert) of telomerase. To investigate the factors that cause the transcriptional repression of mTert we defined a 300 bp region which is essential for its transcription and performed site directed mutagenesis and electrophoretic mobility shift assays. This analysis indicated that Sp1, Sp3 and c-Myc bind to the GC-boxes and E-boxes, respectively, within the promoter and help activate the transcription of mTert gene. We also identified a novel binding sequence, found repeated within the mTert core region, which when mutated caused increased mTert expression. Yeast one hybrid screening combined with electrophoretic mobility shift assays indicated that the nuclear protein Zap3 binds to this site and its overexpression leads to the downregulation of mTert during differentiation. This suggests that regulation of mTert transcription is a complex process which depends on a quantitative balance between transcription factors that cause activation or repression of this gene. Overexpression of Zap3 in murine embryonic stem cells results in reduction in telomerase activity and telomere length as well as reduced proliferative capacity and limited ability to contribute to the development of haematopoietic cells upon differentiation.
Introduction
Telomeres are thought to protect the ends of all linear chromosomes, allow their complete replication and help maintain genetic stability (Blackburn, 1991; Greider, 1994) . In the absence of a mechanism to maintain telomeres, progressive shortening occurs with each cell division due to the end replication problem, eventually leading to cessation of cell proliferation (Watson, 1972) . Replication of telomeric DNA is carried out by telomerase, a specialised ribonucleoprotein enzyme complex that stabilises telomere length by adding hexameric (TTAGGG) repeats to the ends of chromosomes (Morin, 1989; Moyzis et al., 1988) . Telomerase is found in embryonic cells and adult male germline cells (Wright et al., 1996) the proliferative cells of renewing tissues, e.g. haematopoietic stem cells and activated lymphocytes (Hiyama et al., 1995; Broccoli et al., 1995; Chiu et al., 1996) , basal cells of the epidermis (Harle-Bachor and Boukamp, 1996) and intestinal crypt cells (Hiyama et al., 1996) . In most normal somatic cells that lack telomerase activity for most of their cell cycle, progressive telomere shortening is observed, eventually leading to a limited replicative capacity (Allsopp et al., 1992; Masutomi et al., 2003) . This causal relationship between telomere degradation and replicative senescence has led to the hypothesis that telomere length may act as a 'mitotic clock' associated with cellular aging in vivo (Harley, 1991) . In contrast to most normal cell types which show at best diminished levels of telomerase activity, telomerase is upregulated in almost 90% of all human cancers (Shay, 1997) . In addition to maintaining telomere length, telomerase may also prevent the loss of G-rich single stranded overhangs that participate, together with specific telomere binding proteins, in forming the T loop structure (Stewart et al., 2003; Masutomi et al., 2003) . Erosion of the telomeric overhang seen in senescent cells is likely to cause collapse of the T loop structure and uncapping of the telomere end that eventually signals DNA damage and activates the senescence pathway (Masutomi et al., 2003) . Consistent with this, a reduction in telomerase activity can cause erosion of the overhangs in normal human cells, whilst increased activity of telomerase maintains the overhangs at a similar length to that found in early passage cells (Masutomi et al., 2003) .
The telomerase complex comprises two main components: the catalytic subunit (TERT) that catalyses the addition of new repeats (Martin-Riviera et al., 1998; Harrington et al., 1997 ) and a structural RNA component (TR) containing the template region that binds the telomere repeats (Blasco et al., 1995) . Several lines of evidence suggest that TERT plays a major role in regulating telomerase activity, although these have primarily been restricted to human cell types (Meyerson et al., 1997; Bodnar et al., 1998; Wen et al., 1998) . In a recent publication (Armstrong et al., 2000) we reported the construction of a reporter cassette in which the expression of green fluorescent protein (GFP) was under the control of the promoter of the murine mTert gene and showed that the changes in the level of GFP fluorescence closely followed the expression level of mTert when the cassette was stably transfected into murine embryonic stem cells. These cells were then induced to differentiate and the levels of telomerase activity were observed to decrease as differentiation progressed. A strong correlation was established between the GFP fluorescent intensity and telomerase activity thereby establishing a clear link between mTert expression and telomerase activity (Armstrong et al., 2000) . These data are consistent with observations from human cell lines where levels of hTERT expression have been correlated with telomerase activity (Meyerson et al., 1997) . In addition these data indicate that transcriptional control of the Tert gene plays a key role in the activation of telomerase thus a thorough understanding of such transcriptional control is essential to understand the regulation of telomerase. At present, our understanding of this transcriptional control is incomplete. A number of transcriptional regulatory proteins have been implicated in the regulation of human or murine Tert, including c-myc, Sp1, WT-1 and NF-kb (Oh et al., 1999a (Oh et al., ,b, 2000 Kyo et al., 2000) , as has histone acetylation (Takakura et al., 2001; Hou et al., 2002) and methylation (Nomoto et al., 2002; Bechter et al., 2002) . However, almost all previous work on Tert regulation has used neoplastic and/or immortalised cell lines. In order to better understand telomerase regulation in primary stem cells, we have investigated Tert transcriptional regulation in murine embryonal stem cells (ES cells). We have already demonstrated their utility in the correlation of mTert expression with telomerase activity (Armstrong et al., 2000) , and these cell types can be differentiated in vitro into somatic cell types (Hole et al., 1996) , offering us an opportunity to examine telomerase regulation during differentiation. We report here the definition of a 300 bp region which is essential for the transcription of mTert gene and confirm the presence of a number of transcription factors such as c-myc, Sp1 and Sp3 which have also been shown to regulate the transcription of human TERT. More interestingly, one protein whose binding increased as Tert expression decreased was identified and evidence from site directed mutagenesis indicated that this protein normally functions as a repressor of mTert. Yeast one hybrid screening revealed that the protein which binds to the core promoter of mTert and controls its downregulation during the in vitro differentiation of murine embryonic stem cells is a novel transcription factor, Zap3. This has a profound influence on the functional characteristics of the cells such as telomerase activity and telomere length and their proliferative ability which may be demonstrated by their reduced rate of growth and their limited ability to contribute to the development of haematopoietic cells upon differentiation.
Results and discussion
2.1. Identification of the core promoter region for the murine telomerase reverse transcriptase gene
The full length mouse Tert cDNA clone has been previously described (Martin-Riviera et al., 1998; Greenberg et al., 1998) . For mTert transcripts isolated from fibroblasts or testis, the transcription start site has been reported as being 29 bp upstream of the translation initiation site (see Fig. 1a,TS1 ). However, it was necessary to identify the transcription start site in mouse embryonic stem cells. Computer searching of several databases showed the presence of two Riken EST clones (Genbank accession number BB651920 and BB618671) for mTert isolated from mouse ES cells and 8 day mouse embryo, respectively. These libraries are highly enriched in full length rare transcripts (especially at the 5 0 end) since they were created by using a subtraction procedure that eliminates abundant transcripts and cap-trapping to generate full length single stranded cDNAs (Carninci et al., 2000) . Comparison of the sequence of these 5 0 ESTs to the genomic sequence for mTert located the transcription start site 114 bp upstream of the translation initiation site (see Fig. 1a, TS2 ). Since the transcription start site 2 was defined in ES cells we decided to use it as point of reference (C1) for our deletion constructs and definition of the minimal region needed for mTert transcription. We have previously demonstrated that telomerase activity decreases upon differentiation of murine ES cells into the various cell types which occur in the embryoid bodies (Armstrong et al., 2000) and correlated this to the corresponding decrease in mTert expression. In this work we have examined the transcriptional control of mTert expression during differentiation of ES cells by investigating the binding of proteins in the nuclear extracts of embryoid bodies at different stages of differentiation. For this purpose, an analysis of the mTert promoter and definition of a core region was indispensable. To be able to do this we isolated various lengths DNA fragments from the promoter and 5 0 untranslated region of mouse mTert gene (accession number AF 121949) by PCR of mouse genomic DNA and inserted them into the multiple cloning The sequence of the core region needed for the mTert transcription. The sequences of the E-boxes, GC-boxes and UNK-boxes are underlined. The initiating ATG codon is shown in boldface. The nucleotides that were changed by site directed mutagenesis are shown in italics above the consensus motifs for the binding sites. The positions of the bases are indicated relative to the ES cell transcriptional start site TS2. The transcription start site reported for other tissues by Greenberg et al. (1998) and Martin-Riviera et al. (1998) Murine embryonic stem cells (CGR8) were transiently transfected with a series of GFP constructs containing the substitution mutation for each of the factor binding site in the mTert core promoter. The GFP intensity of the promoterless construct pEGFP-1 was normalised to 1 and the relative GFP intensity of the other constructs is shown. Results are expressed as the mean of at least three independent experiments, each performed in triplicates. The standard deviations of the means are indicated by the error bars. P-values were calculated using student T-test. (d) Effects of differentiation on the mTert-GFP constructs. The core region construct of mTert (K195/105-GFP) and the other constructs containing the substitution mutation for each of the factor binding sites in the mTert core region, as well as one construct with mutations in both UNK sites (UNK1/UNK-2 mut) were stably transfected into murine embryonic stem cells. The isolated clones were allowed to differentiate for 6 days. The GFP intensity of the promoterless construct pEGFP-1 was normalised to 1 and the relative GFP intensity of the other constructs is shown before and after differentiation. Results are expressed as the mean of at least three independent experiments, each performed in triplicates. The standard deviations of the means are indicated by the error bars. The GFP intensity at D6 compared with undifferentiated cells is given by a percentage figure above each data set.
site of the promoterless GFP vector, pEGFP1, (BD Biosciences). These reporter constructs were transiently transfected into murine ES cells (CGR8) and the mean fluorescence intensity was measured using flow cytometry. As can be seen from the Fig. 1b the longest construct (K4372/105) shows good transcriptional activity compared to the promoterless construct, pEGFP-1. Truncations of this construct from K4372 to K1371 shows some decrease in transcriptional activity suggesting the presence of one or more repressor binding sites within the segment K1371 to K371. The highest transcriptional activity was shown by the K195/105 construct and further truncations led to a significant reduction in transcriptional activity (see Fig. 1b ).
From this analysis we concluded that the region responsible for maximal promoter activity extends from K195 to C105 bp from the transcriptional start site. The definition of a core region permitted bioinformatic analysis (SignalScan software) of the sequence of this DNA fragment to identify potential binding sites for known transcription factors. Three GC boxes (GC-box 1 to 3) known to bind Sp-1 family proteins and two E-boxes (E-box 1 and E-box 2) known to bind bHLH proteins were identified (see Fig. 1a ). Interestingly, two additional sites (here named UNK-1 and UNK-2) were identified. To investigate these potential binding sites further, mutations were introduced using site directed mutagenesis into the core promoter as shown in Fig. 1a . The mutated constructs were transiently transfected into murine ES cells and the mean GFP fluorescence intensity was measured after 24 h. As can be seen from Fig. 1c mutation of the first GC-box (GC-box1) resulted in 15% decrease in promoter activity, while mutations in GC-box 2 and GC-box 3 resulted in 32.5 and 37.8% decrease in promoter activity, respectively. Mutation of E-box 1 caused only 11.2% decrease in promoter activity which provides an interesting contrast to the results reported by Nozawa et al. (2001) wherein a 50% decrease in promoter activity was observed following mutation of the same E-box from a luciferase reporter construct transiently expressed in C2C12 myoblasts. Similarly the mutation of E-box 2 caused 15.2% decrease in promoter activity (see Fig. 1c ). Mutations which may be of greater significance in this system and are statistically significant are those concerning the UNK-2 binding site and the UNK-1 and UNK-2 sites together (see Fig. 1a ) which show a considerable increase in promoter activity (63.7 and 90%, respectively; see Fig. 1c ). Mutations in the UNK-1 site which shows sequence similarity to UNK-2 also caused an increase in promoter activity (30.4%) albeit at a lower level (see Fig. 1c ).
Although these data suggest that the UNK sites may play a role in controlling the absolute levels of mTert transcription, we were interested as to whether they were involved in regulating the dramatic changes in mTert expression during ES cell differentiation. We thus generated ES cell stable transfected lines, which were then differentiated for 6 days, a process that we had previously shown to reduce normal mTert expression (Armstrong et al., 2000) . Fig. 1d shows that expression driven by the K195/105 core promoter in day 6 differentiated cells was 53% of that in undifferentiated cells, a result consistent with our previous studies with the full length promoter (Armstrong et al., 2000) , suggesting that most, if not all, of the transcriptional regulation sites important in differential expression were contained within this core promoter region. Mutations in the GC boxes maintained this differential expression, although the relative change was larger, where day 6 differentiated cells had between 30 and 40% of expression in undifferentiated cells. Mutations in the two E-boxes also maintained differential expression. In marked contrast, mutations in either UNK-1 or UNK-2 produced expression in day 6 differentiated ES cells only moderately lower than expression in undifferentiated ES cells. Mutation in both UNK1 and UNK-2 sites resulted in expression at day 6 that was 92% of that of undifferentiated cells. A possible interpretation of these results is that members of the Sp1 and bHLH family which bind to the GC and E boxes, respectively cooperate together to cause activation of the mTert transcription, while another factor(s) binding at the UNK-1 and UNK-2 causes repression of mTert activity.
Identification of transcription factors that bind to the core region of mTert using electrophoretic mobility shift assays (EMSA)
We have shown that differentiation of murine embryonic stem cells is accompanied by a marked downregulation of mTert transcriptional activity and a consequent decrease in telomerase activity (Armstrong et al., 2000) . We were therefore interested to identify transcription factors that bind to the core promoter and cause this downregulation. For this we performed EMSA with 5 mg of nuclear extract from undifferentiated cells (CGR8) and embryoid bodies at days 2, 4 and 6 of differentiation as described in Experimental procedures. When oligonucletides containing GC-box 1, GC-box 2 and GC-box3 were used as probes two DNAprotein complexes were observed (see Supplementary information). This binding pattern did not change when nuclear extracts from differentiating EBs were used in the EMSA. The specificity of binding was confirmed by addition of wild type competitor which abolished binding and mutated competitor which did not alter binding at all. The intensity of the lower band was reduced by addition of anti-Sp3 antibody while the upper band was reduced by addition of either antiSp1 or anti-Sp3 (data not shown). Based on these results we concluded that the upper band was derived from the Sp1-DNA complex or Sp3-DNA complex while the lower one from the Sp3-DNA complex. Since mutations in the three GC-boxes cause a reduction in promoter activity in ES cells we concluded that Sp1 and Sp3 function as transactivators of mTert in murine ES cells. We observed a three-band pattern when we used E-box 1 and E-box 2 oligonucleotides as probes (data not shown). The slower migrating band was not competed either by the addition of excess wild type competitor or a mutated probe in which the sequence of the E-box1 or E-box 2 binding site was altered. From this we concluded that this band was likely to represent non-specific binding. The middle band was competed by the wild type competitor and the c-Myc consensus sequence but not by the mutated probe suggesting that this band is caused by c-myc-DNA complex. The faster migrating band was competed by both the wild type and mutated competitor indicating that another transcription factor(s) other than c-Myc binds to this promoter region, however, its binding site is likely to be different to that one defined for the E-box. This is very similar to the findings reported by Tzukerman et al. (2000) . They identified a novel transcription factor binding to the promoter of human TERT in a site overlapping but distinct to the proximal E-box and comparison of the sequences of human and mouse Tert promoters suggested that the site is conserved. Since mutations in E-boxes also caused a reduction in promoter activity we concluded that c-myc functions as a transactivator of Tert in murine ES cells. Nozawa et al. (2001) showed that Sp1, Sp3 and c-Myc function as potent transactivators of the mouse Tert gene in C2C12 myoblasts and suggested that downregulation of DNA binding activities of Sp1, Sp3 and c-Myc during differentiation of those cells is a determining factor for the downregulation of mTert gene transcription during muscle cell differentiation. Our EMSA assays did not show any detectable change in DNA binding activities of these three factors during differentiation of ES cells and this could be due to differences in the cell system used by us (embryonic stem cells) and Nozawa's group (C2C12 myoblasts) and the shorter differentiation interval we have used (6 days) compared to the 10 days used for myoblast differentiation. Although EMSA is sensitive in detecting DNA-protein binding even from crude extract it cannot be used to quantify small changes in the amounts of proteins bound to the DNA. In addition other posttranslational modifications such as phosphorylation and binding of additional factors to the same sites which can result in different complexes cannot be properly resolved from the original complexes using EMSA. Lastly, whilst no changes are observed in DNA binding activities of Sp1, Sp3 and c-Myc it is possible that binding by these transcription factors is very different in the context of the entire promoter rather than the core promoter analysed in this paper. Given this and our results using site directed mutagenesis we would like to suggest that Sp1, Sp3 and c-Myc act as transcriptional activators of Tert gene in ES cells, however, their involvement in Tert downregulation is presently unclear.
The most interesting binding patterns were observed when oligonucleotides containing the UNK-1 and UNK-2 binding sites were used as probes in EMSA (see Fig. 2 ). A comparison of the sequences of the two sites indicated that a conserved binding sequence was CAGCNNCNNC, therefore we started by changing the 3rd, 4th and 7th nucleotide to A and the last nucleotide to T (see Fig. 1a ).
Two DNA-protein complexes were observed and they were both abolished by the wild type competitor ( Fig. 2 ; lane 3, 6, 9 and 12) but not by the mutated competitor ( Fig. 2 ; lane 4, 7, 10 and 13) suggesting that this binding is specific. When we used nuclear extracts from differentiating EBs in EMSA we observed a slight increase in the intensity of the faster migrating band from undifferentiated cells to day 2 and 4 of differentiation and a marked increase when nuclear extracts from day 6 of differentiation was used (see Fig. 2 : lane 2, 5, 8 and 11). Site directed mutagenesis of these two potential binding sites showed that the factors that bind therein might have a repression activity. The increase in the intensity of binding to DNA as levels of mTert decrease during differentiation fits well with this suggested role. In order to define exactly the binding site for this novel transcription factor(s) we synthesised six oligonucleotides covering the UNK-2 site with mutations spread throughout the sequence and used them as unlabelled competitors in EMSA (see Fig. 3a ). Only the m3 oligonucleotide (data not shown) abolished binding and acted as wild type competitor suggesting that the two mutated nucleotides therein are not important for binding of proteins to the UNK-1 and UNK-2 sites. From this analysis and comparison of the sequence of UNK-1 and UNK-2 sites we concluded that the consensus binding sequence of this repressor(s) is CAGCNNCNNC. Comparison of the mouse and human Tert core promoter sequences revealed that only the UNK-2 but not the UNK-1 consensus binding site is conserved Fig. 2 . Transcription factor binding to the UNK-2 site. Nuclear extracts from murine embryonic stem cells (lanes 2-4), d2 differentiating embryoid bodies (lanes 5-7), d4 differentiating embryoid bodies (lanes 8-10) and d6 differentiating embryoid bodies (lanes 11-13) were incubated with 32 P labelled probe containing the UNK-2 binding site. Lane 1 is 32 P labelled probe alone. The specificity of the complex was examined by adding 100-fold excess of unlabelled oligonucleotides (lanes 3, 6, 9 and 12) or unlabelled mutated oligonucleotides (lanes 4, 7, 10 and 13) as cold competitors. The two arrows at the top of the figure show the DNA-protein complexes, while the single arrow on the bottom shows the free labelled probe.
between the two (see Fig. 3b ) suggesting that this site is potentially significant in the regulation of hTERT promoter activity.
Zap3 controls transcriptional downregulation of Tert during differentiation of murine ES cells
In order to identify the protein that bind to UNK sites we performed yeast-one hybrid screening as outlined in Experimental procedures. We identified 3 positive clones, namely Zap3, Nhp2 like protein and transforming protein RhoC which showed good growth in both primary and secondary plates. Protein extracts from these clones were used in electrophoretic mobility shift assays in order to confirm specific binding of these proteins to the UNK sites. Only the protein extract from Zap3 showed specific binding to the UNK-2 (see Fig. 4a ) and UNK-1 site (data not shown). To confirm these results in ES cells we also subcloned Zap3, Nhp2 and RhoC cDNA fragments isolated during yeast one hybrid screening from the pACT2 vector into pDsRed2-C1 (Invitrogen) and transfected them into murine ES cells (CGR8) which were stably transfected with the mTert core promoter-GFP beforehand. We confirmed their overexpression into ES cells using semi-quantitative RT-PCR for each of the three candidates, flow cytometry for the fusion protein and confocal microscopy (data not shown). Using semi-quantitative RT-PCR we again observed reduction of mTert levels only in cells where Zap3 had been overexpressed (see Fig. 4b ). We examined the expression pattern of Zap3 during the in vitro differentiation of ES cells and very interestingly observed that it was expressed only between days 4 and 6 of differentiation (see Fig. 4c ) which comprises of the window where most effective differentiation and downregulation of mTert occurs (Hole et al., 1996; Armstrong et al., 2000) . By increasing the number of cycles in the semi-quantitative RT-PCR we noticed that low levels of Zap3 could also be detected in the ES cells and d1-d3 of differentiation, however, this expression was much lower than in the days 4-6 of differentiation (data not shown). This result fits well with the EMSA results which show fainter DNA binding complexes in nuclear extracts prepared from ES cells and day 2 embryoid bodies (see Fig. 2 ) compared to extracts prepared from day 4 and day 6 embryoid bodies.
Zap3 was first identified by Misawa et al. (2000) and subsequently by Sutherland et al. (2001) as a novel protein with a nuclear speckle expression which fits well with the proposed role of regulating mTert promoter activity. Isolation of numerous ESTs from Zap3 has suggested that it is expressed in skin, heart, mouse mammary gland, retina, eye ball, oviduct of 2-day pregnant female, testis and kidney and our work has also shown its expression in 7.5 dpc of mouse embryos. One human candidate (EMBL accession no: XM 085151) shows 74% identity to the mouse Zap3 and it is thought to be its human homologue. Given the presence of one UNK site in the human promoter it will be of interest to investigate whether the human ZAP3 has a nuclear localisation pattern and plays any role in the regulation of hTERT activity.
One interesting finding is that one of the UNK sites where Zap3 is shown to bind (UNK-2 site) is located in the 5 0 untranslated region. New evidence from work with human TERT promoter suggests that the first two exons and intron 1 play a major role in downregulation of its promoter activity in telomerase-positive cells and are likely to be required for binding of transcription factors (Renauld et al., 2003) . This may suggest that the Tert gene in human and mouse may employ their coding sequence and untranslated regions to recruit transcription factors as well as their promoter regions.
Overexpression of Zap3 in murine ES cells leads to reduction in mTert expression, telomerase activity and results in telomere shortening
To investigate the function of Zap3 in murine ES cells we stably transfected the Zap3 cDNA construct (see Section 2.3) and selected two clones Zap3/3 and Zap3/5 for further analysis. The real time RT-PCR assays showed that Tert expression was reduced more than 50% in these two clones compared to the mock transfected cells (see Fig. 5a ). This considerable downregulation of mTert expression was accompanied by a reduction in the activity of the telomerase holoenzyme complex as measured by the telomerase repeat amplification protocol (TRAP) (see Fig. 5b ). The reduction in telomerase activity also had an effect on telomere shortening. Using fluorescence in situ hybridization combined with flow cytometry (Flow-FISH) we observed progressive reduction of the total telomere fluorescence signal during time in culture for the Zap3 transfected ES cells (see Fig. 5c ). In contrast, mock transfected cells showed a slight increase in total telomere fluorescence signal with time in culture (see Fig. 5c ). Liu et al. (2000) also reported ES cells heterozygous for the mTert disruption showed telomere shortening and this suggests that Tert is limiting and necessary for telomerase function. Telomere shortening was also reported in murine haematopoietic stem cells after two rounds of serial transplantation which indicates that proliferating cells such as those present in tissues with self-renewal capacity and ES cells do shorten their telomeres after each cell division and need normal telomerase activity to maintain telomere length (Allsopp et al., 2001) . We did notice variation in total telomere fluorescence between Zap3 transfected clones and also the control ES cells and this could be due to slightly different population doublings that the cells have to go through before clonal derivation especially if the gene of interest has an effect on cell growth. Similar variations in telomere length of different clones have been reported by Amit et al. (2000) for human ES cells.
We also performed karyotype analysis at three different cell passages corresponding to PD130, PD190 and PD250. Statistical analysis also revealed that the Zap3 transfected clones showed a significant increase in aneuploidy compared to the control in the early passage, PD130 (c 2 -test P!0.05: see Fig. 5d ). The significance of aneuploidy in the later passages is hard to interpret since both control and Zap3 transfected clones showed significant increase in aneuploidy with increasing passage number (c 2 -test P!0.05: see Fig. 5d ).
To examine chromosome stability in early and late passage ES cells we carried out FISH analysis on metaphase spreads (see Fig. 5e ). We noticed a significant increase in the number of signal free ends in Zap3 tranfected clones in comparison to the control clone at both early passage and late passage (c 2 -test P!0.01). In addition a significant increase in the number of signal free ends was observed with time in culture for the Zap3 transfected clones (c 2 -test P! 0.01), but not for the control ES cells. We also noticed some chromosome fusion occurring in Zap3 transfected clones but not the control ES cells (see Fig. 5f ).
We investigated the ability of these cells to grow in culture and ability to resist induced apoptosis. We observed that the overexpression of Zap3 and subsequent reduction in telomerase activity did indeed inhibit cell growth to some degree (Fig. 6a) , however, the degree of apoptosis was substantially no different to that of cells containing only vector (see Fig. 6b ). The cells analysed in this study have only undergone approximately 250 population doublings and it would probably take a lot more cell divisions to detect any apoptotic cell death caused by extensive telomere shortening given the long telomeres in inbred strains from which the ES cells have been derived. By analysing the cell cycle status of these cells we noticed that a higher percentage of Zap3 transfected cells tend to be in G0/G1 rather than S phase although G2/M is largely unchanged (see Fig. 6c ). These results are similar to published literature which shows that disruption of telomerase activity in murine ES cells, immortal murine fibroblasts and normal human fibroblasts results in decreased cell proliferation, altered cell cycle and disruption of the 3 0 overhangs (Boklan et al., 2002; Niida et al., 2000; Masutomi et al., 2003) .
Finally, we investigated the ability of these cells to contribute to the development of haematopoietic activity during embryoid body differentiation using the CFU-GEMM assay and observed that the percent haematopoietic commitment at days 4-6 of EB development is reduced when compared to that of control cells carrying only the vector (Fig. 7) . Since each positive 'burst' results from the proliferation of a single haematopoietic stem cell (HSC) or myeloid progenitor cell induced by the cytokines in the assay mixture and there are a number of possible explanation for this effect: (i) the ES cells are less capable of differentiating into HSC; (ii) the HSC do not proliferate sufficiently to give observable bursts. To distinguish between these two possibilities we measured the levels of Flk-1 expression, a marker of early endothelial and haematopoietic stem cells derived from differentiating ES cells and did not observe any significant difference in the numbers of Flk-1 positive haematopoietic precursor cells occurring after day 3 of embryoid body differentiation of the Zap3 or vector transfected clones (approx. 23% Flk-1 positive; data not shown). This would seem to support the view that overexpression of Zap3 protein and the concomitant decrease in telomerase activity does not affect the ability of ES cells to differentiate, at least down an early haematopoietic pathway, and that the observed effects are more likely to be due to their limited proliferation capacity. Similar results have been reported by studies of telomerase deficient haematopoietic stem cells which have shown reduced colony forming abilities and long-term repopulating capacity (Samper et al., 2002; Lee et al., 1998 ). . Overexpression of Zap3 reduces the haematopoietic commitment of ES cells. Embryoid bodies (EBs) were allowed to differentiate in the absence of LIF for 6 days and hematopoietic commitment assessed by counting the proportion of embryoid bodies producing mixed colonies of neutrophils, erythrocytes, macrophages and megakaryocytes in the CFU-GEMM assay as described in Experimental procedures. Results are expressed as mean of three independent experiments, each of three replicates.
In conclusion we would like to emphasise that the overexpression of Zap3 is sufficient to slow down cells growth, reduce telomere activity and telomere length, cause changes in cell cycle and ability of these cells to differentiate along haematopoietic lineages in vitro. These results are consistent with a role for nucleoprotein Zap3 in downregulating telomerase activity during differentiation of ES cells. However, to ensure that these effects are not caused indirectly through some other effects of Zap3 overexpression, this work should be repeated in telomerase deficient cell lines.
Experimental procedures

Materials
Cell culture reagents and fetal bovine serum were purchased from Gibco, BRL.
Cell culture
The murine embryonic stem cell (CGR8) were routinely passaged and maintained in a suitable medium (GMEM) with 0.25% NaHCO 3 , 100 mM non-essential amino acids, 2 mM L-glutamine and 0.1 mM pyruvate, 0.1 M 2-mercaptoethanol and 10% fetal calf serum) with leukaemia inhibitory factor (10 ng/ml). In order to form embryoid bodies, ES cells were cultured in hanging drops (10 ml) at a concentration of 3!10 4 cells/ml in the presence of LIF for 48 h in a humidified 5% CO 2 atmosphere. ES cell aggregates were harvested into a Petri dish (10 3 aggregates/10 ml ES cell culture medium lacking LIF) and allowed to differentiate for up to 6 days. Medium was replaced every 2 days. Haematopoietic colony forming unit (CFU-GEMM) assays were performed every 2 days to monitor differentiation of ES cells.
Reporter constructs
Various lengths DNA fragments from the promoter and 5 0 untranslated region of the mTert gene (EMBL accession number AF 121949) were amplified by PCR from the mouse genomic DNA and inserted into the multiple cloning site of the promoterless GFP vector, pEGFP1 (Clontech). Site directed mutagenesis of the core promoter construct was carried out using a PCR based approach (Stratagene).
Promoter assays
Transient transfections of GFP promoter constructs were performed using Fugene reagent (Boehringer Mannheim) following manufacturer's instructions. Murine ES cells (CGR8) were plated at a density of 200,000 cells/well in six well plates 1 day before the transfection. Fifteen microliters of Fugene reagent were diluted in 485 ml of serum free CGR8 medium. This mixture was added to 5 mg of the promoter construct and the mixture was allowed to stand at ambient temperature (15 min) and then added to the cultured cells. The above procedure was repeated for each promoter construct in triplicate. The cells were trypsinised, washed with phosphate buffered saline and analysed for GFP mean fluorescence intensity using a Cytometer (Coulter) 24 h after transfection. The GFP mean fluorescence intensity was expressed as relative intensity with respect to that of the promoterless construct, pEGFP1. Stable transfections were performed in the same way as the transient transfections (see above). The transfected colonies were selected by G418 (400 mg/ml) for 10 days. More than 50 colonies were pooled from each plate.
Nuclear extract preparation
Extracts of nuclear proteins from CGR8 cells and differentiating embryoid bodies at days 2, 4 and 6 were prepared as previously described (Schreiber et al., 1989) . The protein concentration was measured using the Bradford assay and all extracts were stored at K80 8C.
Electrophoretic mobility shift assays (EMSA)
EMSA were performed using the BandShift Kit (Amersham Pharmacia Biotech). Synthetic complementary oligonucleotides were labelled with [g-32 P] dATP using T4 polynucleotide kinase. DNA bind reactions were performed according to manufacturer's instructions. In brief, 5 mg of nuclear extract from either undifferentiated cells (CGR8) or embryoid bodies at days 2, 4 or 6 of differentiation was incubated with 1 mg of poly (dI-dC) in a 20 ml reaction volume containing 20 mM Tris-HCl (pH 7.5), 100 mM sodium chloride, 1 mM dithithreitol, 10% glycerol, 0.05% NP-40 and 5 mM magnesium chloride. 1!10 5 cpm of the 32 P-labelled probe was added and the reaction was incubated on ice for 20 min. Molar excess (100-fold) of unlabelled oligonucleotides or oligonucleotides containing the desired mutations were used as competitors. When antibodies were employed for supershift assays, the nuclear extract was preincubated with 0.2-0.4 mg of antibody for 20 min at 4 8C. The reactions were separated on 10% polyacrylamide gels. The following pairs of oligonucleotides were used: GC-box1:
0 (see Fig. 1a ).
Yeast one hybrid screening
Yeast one hybrid screening was carried out using the One-Hybrid system from Clontech (Palo Alto, California). In brief, six copies of the UNK-2 site (see Fig. 1a) were inserted into the multiple cloning site of pHiSi-1 using the EcoRI and XbaI restriction enzymes. The pHiSi-1 containing sic copies of UNK-2 site was digested with XhoI and used to transform the yeast strain YM4271. The yeast colonies with integrated reporter construct were tested for background expression by plating on SD/KHis plates supplemented with different concentrations of 3-AT (3-amino-1,2,4-triazole). The optimal concentration of 3-AT for inhibiting background expression was 7.5 mM. A mouse 7 dpc embryo Matchmaker cDNA library was purchased from Clontech and amplified using manufacturer's instructions. DNA was extracted from the library using the HiSpeed Maxi Plasmid Purification Kit. A large-scale transformation of the DNA from the above library into the yeast reporter strain was carried out using the manufacturer's instructions and the mixture was plated out on 30 SD/KHis/KLeu/C7.5 mM 3-AT square plates (150 mm). The plates were incubated at 30 8C for 6-8 days. The largest colonies were restreaked on secondary plates (SD/KHis/K Leu/C7.5 mM 3-AT). Plasmid DNA was isolated from positive yeast clones and used to transform E. coli. The sequences of the clones were compared to EMBL and Prosite databases. For electrophoretic mobility shift assays the yeast clones were grown into liquid culture (SD/K His/KLeu) and protein extract was obtained using manufacturer's instructions.
3.8. Overexpression of Zap3, Nhp2 and RhoC into ES cells using the pDsRed2-C1 vector DNA fragments from the mouse Zap3(EMBL accession number AB0033168), Nhp2 (EMBL accession number BQ126798) and RhoC (EMBL accession number MMRHOCR) were amplified from day 4 embryoid bodies using the following primers: Zap3EXPF1: 5 0 -AGATCTGACAAGTTGGATGGCTTGAG, Zap3EXPR1: 5 0 -GAATTCATATATTTGGTCCGATTGA, Nhp2EXPF1: 5 0 -AGATCTACAGAGGCTGATGTGAA, Nhp2EXPR1: 5 0 -GAATTCACCAAGAGCCTTTCAATAGA, RhoCEX-PF1: 5 0 -AGATCTATGGCTGCGATCCGAAAGAA, Rho-CEXPR1: 5 0 -GAATTCAGAATGGGACAGCCCCTCC. The fragments were inserted into the multiple cloning site of the vector containing the red fluorescent protein (pDsRed2-C1; Clontech) using the BglII and EcoRI enzymes. These cDNAs will be expressed as fusions with the C-terminus of DsRed2 proteins since they have been inserted in the same reading frame of pDsRed2 and there are not intervening stop codons. Transfections into ES cells carrying the mTert core promoter-GFP was carried out using the Fugene Transfection kit (Boehringer Mannheim) according to manufacturer's instructions. The expression of fusion proteins was monitored by flow cytometry and localisation by fluorescence microscopy. Overexpression of Zap3, Nhp2 and RhoC was confirmed by semi-quantitative RT-PCR.
RT-PCR analysis
About 500 EBs were selected each day and total RNA was extracted using RNAzol (Biotech) and reverse transcribed using AMV reverse transcriptase (Promega) and random oligo hexamers following the manufacturer's instructions. The amount of cDNA into each sample was normalised using actin as a control (actin 5 0 -AGGGGCCG-GACTCATCGTACTC-3 0 and actin 3 0 -GTGACGAGGCC-CAGAGCAAGAG-3 0 ). This information was used to equilibrate the amount of cDNA in each sample amplified in subsequent reactions with primers for Zap3(Zap3F: 5 0 -GTGGCAAGAGAAATATTCAT-3 0 and Zap33R: 5 0 -CCTCCGCTAACGGTCGTCTT-3 0 ) and mTert(mTert3: 5 0 -ACCCAGGATGTACTTTGTTAAGG-3 0 and mTert4: 5 0 -AGCAAACAGCTTGTTCTCCA-TGTC-3 0 ). PCR products were run on 2% agarose gels and stained with ethidium bromide. Results were assessed on the presence or absence of the appropriate size PCR products. RNA controls were included to monitor genomic contamination.
Telomeric repeat amplification protocol (TRAP)
TRAP reactions were carried out using TeloTAGGG Telomerase PCR ELISA plus (Roche) following the manufacturer's instructions. Embryonic stem cells and embryoid bodies were washed in PBS, and directly transferred into eppendorf tubes containing 100 (l CHAPS lysis buffer. Several concentrations of protein extracts from each sample (0.1, 1 and 10 ng) were used in the PCR reaction to ensure that the assay is in the linear range given that ES cells show a relatively high level of telomerase activity (for each sample 3 PCR reactions were performed). Telomerase specific products were determined by the presence of a 6 bp incremental DNA ladder on a 12% polyacrylamide gel stained with ethidium bromide TRAP products were quantified by a colorimetric reaction at 450 nm (using manufacturer's instruction) and a Titertek Multiskan plate reader. In all assays, the CHAPS lysis buffer was used as a negative control for both PCR and telomerase reactions. Heat denatured samples were used as negative controls. Relative telomerase activity (RTA) was calculated using the following formula:
where A S absorbance of sample A SO absorbance of heat treated control A S,IS absorbance of internal standard A TS8 absorbance of control template A TS8,0 absorbance of lysis buffer A TS8 IS absorbance of internal standard (IS) of the control template (TS8)
3.11. CFU-GEMM assay CFU-GEMM assays were performed according to manufacturer's instructions (Stem Cell Technologies; Vancouver, Canada). In brief approximately 100 EBs in a total volume of 0.3 ml were added to 3 ml of Methocult medium yielding triplicate cultures of 1.1 ml each. Methocult containing EBs was dispensed into three 35 mm dishes using a 16 g blunt-end needle. Two plates were then placed into a 100 mm covered dish containing a third uncovered dish containing 3 ml of sterile water. Cultures were then placed in a 37 8C incubator maintained with 5% CO 2 and O95% humidity. The concentration of cytokines in Methocult is as follows: IL-3 (10 ng/ml); IL-6 (10 ng/ml), SCF (50 ng/ml), Epo (3 units/ml). After 10 days in culture, the plates were assayed by counting the number of EBs surrounded by a corona or 'burst' of differentiated cells. Such 'bursts' represent haematopoietic colony forming units and the percentage of these increases markedly on day 4 of the differentiation protocol described above which is indicative of the differentiation of the ES cells.
Cell cycle analysis
Cell cycle analysis was performed using the CycleTest Plus DNA reagent kit (Becton Dickinson, San Jose, CA) in accordance with manufacturers' instructions. Cells were first treated with serum free medium for 12 h and left to recover for 48 h in serum supplemented medium. Cells were harvested by trypsinisation and counted (haemocytometer). 500,000 cells were centrifuged (400 g, 5 min) then after complete removal of supernatant, 250 ml of solution A (trypsin buffer) was added with gentle mixing. The suspension was incubated at room temperature (10 min) then 200 ml of solution B (trypsin inhibitor/ RNAse buffer) was added with gentle mixing. After a further 10 min at room temperature, 200 ml of cold (2-8 8C) solution C (propidium iodide stain) was added and the sample was analysed by flow cytometry (Becton Dickinson FACSvantage) measuring FL2 area vs total counts. The data was analysed using ModFit 3 (Becton Dickinson) to generate percentages of cells in G0/G1, S and G2/M phases.
Apoptosis assay
Many cell types, including embryonic stem cells undergo apoptosis in response to inhibition of protein kinase C by bis-indolylmaleimide II (Quinland et al., 2003) . Cells undergoing apoptosis can be enumerated using the Annexin V-FITC apoptosis detection kit (BD biosciences-Pharmingen) in which FITC conjugated Annexin V binds to the externalised phosphatidyl serine characteristic of apoptotic cells. The protocol was carried out in accordance with manufacturers' instructions and briefly comprises the following. Cells were harvested by trypsinisation, washed twice with ice cold phosphate buffered saline and counted. 1!10 5 cells are suspended in 100 ml of 1!binding buffer (supplied) then 5 ml of annexinV-FITC and 5 ml of propidium iodide solution are added. The mixture is vortexed gently and incubated 15 min at room temperature in the dark. 400 ml 1!binding buffer is added and the cells are analysed by flow cytometry (FACS Caliber, Becton Dickinson).
Cell proliferation assay
Cells were harvested by trypsinisation and live cells were counted using Trypan Blue (Sigma) exclusion. 50,000 live cells were added to each well of a six-well gelatine coated plate (Iwaki) containing 3 ml of murine CGR8 medium (detailed above) and leukaemia inhibitory factor (10 ng/ml). Cells were permitted to grow for 2 and 5 days then were harvested by trypsinisation, washed with phosphate buffered saline and cell numbers were estimated using Trypan Blue exclusion method.
Mean telomere fluorescence by flow-fish
The mean length of telomeric repeats was measured by flow cytometry following the hybridisation of a fluorescently conjugated peptide nucleic acid (PNA) probe (Rufer et al., 1998) . Briefly, cells were harvested by trypsinisation, washed with phosphate buffered saline with 0.1% Bovine serum albumin (BSA) then counted. 3!10 5 cells (in triplicate) were resuspended in a hybridisation mix comprising formamide (70% aqueous solution; deionised), 20 mM Tris, pH 7.0, 1% (W/V) BSA and FITC conjugated PNA telomeric probe (Perseptive biosystems, Framingham MA) to a final concentration of 0.3 mg/ml. The mixture was denatured (80 8C/10 min) then allowed to hybridise at room temperature (2 h, dark) then the cells were collected by centrifugation and washed twice with wash buffer comprising formamide (70% aqueous solution, deionised), 10 mM Tris, pH 7.0, 0.1% (W/V) BSA and 0.1%(V/V) Tween 20 collecting the cells by centrifugation (3000 rpm/5 min). A further wash was performed using phosphate buffered saline with 0.1% (W/V) BSA, 0.1% Tween 20 with centrifugation (2000 rpm/5 min). The cells were resuspended in 300 ml phosphate buffered saline with 0.1% (w/v) BSA plus RNAse at a final concentration of 10 mg/ml. Propidium iodide was added at a final concentration of 0.06 mg/ml, the sample was incubated 2-4 h at room temperature then analysed by flow cytometry measuring FL1 fluorescence intensity vs total counts.
Real time RT-PCR
Quantitative real time RT-PCR was carried out using the Quantitect SYBR Green RT-PCR kit (Qiagen) according to manufacturer's instructions. C t values were measured for five different sample concentrations (1, 10, 20, 50, 100 ng) prepared in triplicates and compared to corresponding C t values for Gapdh which was used as a housekeeping gene. Regression analysis was used to estimate relative amount of gene per sample.
Pulsed field gel electrophoresis.
For preparation of highest quality genomic DNA, cells were embedded in 0.65% low-melting agarose plugs at a density of 10 7 cells/ml before deproteination by proteinase K treatment (Petersen et al., 1998; Sitte et al., 1998) . The DNA was digested until completion with Hinf I (60U per plug; Boehringer Mannheim) at 37 8C. Plugs were analysed in a 1.0% agarose gel by pulsed field gel electrophoresis (CHEF-DRIII-SYSTEM, Biorad) at 3.5 V/cm for 17 h with a switching time of 2-10 s in 0.5!TBE (4.5 mM Tris, 4.5 mM boric acid, 0.1 mM EDTA, pH 8.0).
Karyotype analysis of ES cells
Chromosome preparations were made using stardard cytogenetics techniques and a 16 h colcemid/BrdU mitotic arrest step. The karyotype of ES cells was determined by standard G-banding procedure.
Fish analysis on metaphase spreads
The analysis was carried out essentially as described by Surralles et al. (1999) . A FITC labelled (CCCTAA) 3 PNA was used as a probe.
Statistical analysis
Unless indicated otherwise, statistical analysis was carried out using c 2 -test without Yates' correction and results expressed as one-tailed P-value.
